Protein surfaces are under significant selection pressure to maintain interactions with their partners throughout evolution. Capturing how selection pressure acts at the interfaces of proteinprotein complexes is a fundamental issue with high interest for the structural prediction of macromolecular assemblies. We tackled this issue under the assumption that, throughout evolution, mutations should minimally disrupt the physicochemical compatibility between specific clusters of interacting residues. This constraint drove the development of the so-called Surface COmplementarity Trace in Complex History score (SCOTCH), which was found to discriminate with high efficiency the structure of biological complexes. SCOTCH performances were assessed not only with respect to other evolution-based approaches, such as conservation and coevolution analyses, but also with respect to statistically based scoring methods. Validated on a set of 129 complexes of known structure exhibiting both permanent and transient intermolecular interactions, SCOTCH appears as a robust strategy to guide the prediction of protein-protein complex structures. Of particular interest, it also provides a basic framework to efficiently track how protein surfaces could evolve while keeping their partners in contact.
Protein surfaces are under significant selection pressure to maintain interactions with their partners throughout evolution. Capturing how selection pressure acts at the interfaces of proteinprotein complexes is a fundamental issue with high interest for the structural prediction of macromolecular assemblies. We tackled this issue under the assumption that, throughout evolution, mutations should minimally disrupt the physicochemical compatibility between specific clusters of interacting residues. This constraint drove the development of the so-called Surface COmplementarity Trace in Complex History score (SCOTCH), which was found to discriminate with high efficiency the structure of biological complexes. SCOTCH performances were assessed not only with respect to other evolution-based approaches, such as conservation and coevolution analyses, but also with respect to statistically based scoring methods. Validated on a set of 129 complexes of known structure exhibiting both permanent and transient intermolecular interactions, SCOTCH appears as a robust strategy to guide the prediction of protein-protein complex structures. Of particular interest, it also provides a basic framework to efficiently track how protein surfaces could evolve while keeping their partners in contact.
evolution ͉ prediction ͉ protein-protein interaction T he modular assembly of proteins is a key determinant in the regulation of biological systems. Combinations of inter-and intramolecular interactions hold the cell machineries and govern the flow of information transmitted through cell signaling pathways. To unravel the complexity of cell organization, atlases of the physical interactome have been obtained for several model organisms (1, 2) . To further elucidate the competitions and synergies ruling the molecular logic of these protein-protein interaction networks, a critical step relies on the structural characterization of the protein complexes. However, there is still a huge gap between the proteome-wide data accumulating and the available structural details of macromolecular complexes.
A number of studies have tackled the large-scale analysis of protein-protein complexes from a structural perspective (3) (4) (5) (6) (7) . They have emphasized that size, shape, and the physicochemical complementarities at the interfaces are key descriptors that could be used to develop computational methods able to predict protein-binding sites from sequences or structures (8) (9) (10) (11) (12) (13) (14) . In the context of evolution, seminal studies compared the binding modes of domain-domain interactions between homologous proteins and concluded that they tend to interact similarly, even if sequence identity has been maintained as low as 30% (15, 16) . Such a low conservation threshold suggests that interaction surfaces can evolve significantly while maintaining sufficient specificity between the binding partners. The paradox between sequence divergence and structural conservation of macromolecular assemblies has been recently related to the notion of superfamily, and the existence of ''heterodimer superfamilies'' has been proposed (17) . Although the hydrophobicity of buried positions is a major evolutionary constraint for the stable maintenance of a fold within a superfamily, it is not the only driving force at interfaces because these are usually made of heterogeneous physicochemical textures. In that context, understanding and capturing how selection pressure is exerted at protein-binding interfaces constitutes a fundamental challenge.
Different evolution-based methods, such as conservation and coordinated mutations analyses, have been examined to address this issue. Sensitive conservation analyses have been proposed to detect functional sites within proteins (18) (19) (20) and have further been used for the identification of protein-binding sites (21) (22) (23) (24) (25) (26) . However, conservation does not provide mutual information between interacting partners so as to identify the residue pairs in contact. The goal of coordinated mutations analyses is to identify correlated or compensatory mutations between regions that are close in space (27) (28) (29) . These analyses were shown to be potent in the prediction of the interacting sites within RNA (30) and were also used to predict intra-or intermolecular contacts between domains (23, 31, 32) . Based on a large complex database, the Weng group (23) analyzed correlated mutations across permanent and transient interfaces and concluded that transient interfaces show very little evidence of coevolution. The limits of the correlated mutation signals for predicting intermolecular interactions were also emphasized in (32) . Overall, these results suggest that evolution-based methods may lack accuracy to assist in large-scale intermolecular-contact prediction and in docking.
The high rate of mutations occurring at protein surfaces should severely challenge the cohesion of protein complexes across evolution. It is difficult to conceive how these perturbations can be accommodated with the delicate balance of elementary interactions that ensure affinity and selectivity (33) . To address this issue, we explored an alternative approach, distinct from conservation and coordinated mutations analyses, to inspect how the physicochemical complementarities between contacting positions were constrained throughout evolution. Our analysis was first performed on a database of 86 complexes restricted to intramolecular, mostly permanent, interactions between domains of multidomain proteins. It constitutes a suitable dataset to bypass the problems related to the definition of orthology. In a second stage, a database of 129 intermolecular complexes comprising 75 transient and 54 permanent interactions was analyzed.
A remarkable versatility was found in the way physicochemical complementarities were maintained, likely accounting for the difficulty of capturing specific evolutionary traces at proteinprotein interfaces. In many cases, complementarity is found to be preserved not only in a pairwise manner but also through clusters of neighboring residues. The complementarity appears strongly constrained only when mutations are considered in the framework of these clusters. Interactions belonging to different complementarity classes such as hydrophobic or short-range electrostatic are then found minimally disrupted throughout evolution. Based on this analysis, a powerful predictive approach called SCOTCH, as an acronym for Surface COmplementarity Trace in Complex History, was developed. It provides a robust predictive method for the identification of native and near-native interfaces which outperforms other evolution-based or statistically based methods tested. The SCOTCH method provides an appealing strategy for the structural prediction of macromolecular assemblies and a basic framework to efficiently track how protein surfaces could evolve while keeping their partners in contact.
Results

Structural Neighbors Are Key to Capture Evolutionary Constraints at
Interfaces. We first wondered whether the physicochemical complementarity of interacting residue pairs was frequently disrupted through the evolution of intramolecular interfaces. In that scope, a database of 86 intramolecular complexes was built from the PSIMAP database (34) following the protocol described in Methods and supporting information (SI) Tables S1 and S2. We tested a simple model that restricts to three different types of complementarity between amino acids whose disruption is expected to be highly detrimental to the stability of a complex: (i) hydrophobic-hydrophobic, (ii) polar-polar, (iii) short-range oppositely charged complementarities. Based on this model, Ϸ62% of the residues in an interface have at least one contact with a complementary residue (see distribution Fig. S1 A) . For each complex between domains A and B, we analyzed all pairs (i,j) formed by each residue i in interface A with all its contacting residues j in interface B. For every pair (i,j), we defined a parameter called ''complementarity ratio'' as follows: the ratio of sequences inside a multiple sequence alignment for which the physicochemical complementarity between two sites is observed ( Fig. 1 ) (see Methods). If this ratio is above a fixed threshold of 95%, the pair is considered as ''significantly complementary'' (the complementarity is disrupted in Ͻ5% of the sequences of the multiple-sequence alignment). Considering our intramolecular dataset, the proportion of pairs (i,j) at an interface exhibiting a given complementarity ratio was analyzed ( Fig. 2A , white bars). Only a weak proportion (11%) of significantly complementary pairs was found.
A limit of the former analysis is that the disruption of the physicochemical complementarity between two residues may be rescued by the mutation of neighboring residues. Complementarity may not be maintained in a strict pairwise manner. To account for that scenario, we further considered the k structural neighbors of each residue in the procedure (as in Fig. 1 for the fish sequence). By using the structural neighbors of the contacting pairs (with k ϭ 2), a drastic shift of the distribution can be noticed (Fig. 2 A, black bars) . As many as 50% of the pairs (i,j) found at the interface of domain-domain interactions are detected as significantly complementary. Varying the number of structural neighbors from one to three, the proportion of significantly complementary pairs reaches a plateau with two neighbors (Fig. S2 A, gray bars) . The optimal number of structural neighbors was thus fixed to two in the rest of the study. Outside the interface, a random selection of noninteracting pairs exhibited a much lower percentage of significantly complementarity pairs (Fig. S2 A, black line) , suggesting an evolutive complementarity specific to real interacting pairs.
To test the specificity of the complementarity ratio analysis to predict protein-binding sites, we generated a set of decoys for each complex of the intramolecular database. Ten thousand docking solutions for each of the 86 pairs of interacting domains were generated by using the FTDOCK rigid body docking program and the bound structures of the domains as input (35) . 
Pos j Pos i
Pos i 1 Fig. 1 . Principle of the complementarity ratio analysis as calculated in the SCOTCH score. The interacting surfaces of partners A and B and a schematic representation of their multiple sequence alignment (circles represent positions) are colored with respect to the physicochemical class of the exposed residues. Positions i and j are highlighted in both the surface and multiplesequence alignment. Existence or absence of complementarity are shown by a red check or black null sign between sequences A or B of each organism, respectively. The fish sequence illustrates a case in which a structural neighbor i 1 is required to maintain complementarity. For the plant sequence, no complementarity is found. For the six sequences presented here, the complementarity ratio would then be 5/6 (83%). Proportion of pairs at an interface exhibiting a given complementarity ratio. The complementarity ratio of a pair of contacting residues is the proportion of sequences in a multiple-sequence alignment for which the physicochemical complementarity between the two residues is observed. The complementarity between contacting residues is assessed either considering their structural neighbors (k ϭ 2) (black bars) or not (white bars). Considering neighbors, a striking increase of pairs with a complementarity ratio Ͼ95% (red dashed line) is observed. (B) Proportion of docked models with a given proportion of pairs of contacting residues that are significantly complementary (complementarity ratio Ͼ95%) considering their structural neighbors (k ϭ 2). The correct models are shown as green bars (near-native docking models within 3 Å of the native structure); the false models are shown as red bars.
This program uses shape complementarity rules and fast-Fourier transform algorithm to cover as thoroughly as possible the protein surface with physically realistic solutions. A stringent distance criterion was used to define a solution as near-native by setting the backbone RMSD threshold to 3 Å from the structure of the native complex. On average, 7.4 near-native solutions were generated for each set of 10,000 decoys. For each of the 860,000 solutions, the proportion of pairs (i,j) detected as significantly complementary was calculated. A sharp discrimination was obtained between near-native models and false alternative docking models (Fig. 2B) . Without considering the structural neighbors (k ϭ 0) the discrimination is significantly lower (Fig. S2B ).
Discriminative Power of the Complementarity Trace (SCOTCH) for Intermolecular Interactions. From the above analysis, a predictive method was developed combining the complementarity ratio with two other parameters accounting for the size of the interface and the existence of highly variable positions inside (see Methods for details). Two-thirds of the intramolecular database was randomly selected and used to adjust the weights of these three factors by a logistic-regression procedure. The logistic-regression model estimates the probability that a given docking solution belongs to the class of near-native or false complexes. In the following, the estimate of the class membership probability was denoted as the SCOTCH score. The remaining third of the intramolecular database gathering 28 complexes was used in the validation dataset. To assess the power of the SCOTCH score, the validation dataset also integrated 55 permanent and 77 transient intermolecular complexes. For each case, 10,000 models were generated with FTDOCK by using the bound structures as input (see Methods for details). FTDOCK did not produce any near-native solution for 3 of the 132 intermolecular complexes (these 3 cases were discarded from our analysis for the rest of the study).
For each of these cases, the docking models were scored by using the SCOTCH score as well as scores based on conservation or coordinated mutation analyses. The conservation analysis was performed by using the rate4site algorithm, which was shown to provide highly sensitive results and which infers the rate of evolution at each site of a multiple sequence alignment by using a probabilistic-based evolutionary model (36) . Two different methods were used to account for coordinated mutations : (i) detection of correlated mutations by using substitution matrices as described in refs. 27 and 31 and (ii) detection of compensatory mutations, which quantifies the compensatory events between pairs of residues considering the physicochemical properties as described in refs. 28 and 37.
The quality of the predictions was evaluated for every method by counting the number of cases for which a near-native complex (RMSD from native Ͻ3 Å) has been selected within their best 10, 100, 1,000, and 10,000 solutions. Detection of a near-native solution in these sets of solutions can be considered as very good, good, acceptable, and bad, respectively. After this evaluation procedure, the SCOTCH method was found to outperform all of the others for intra-and intermolecular interactions (Fig. 3) . The discriminative power is particularly high for intermolecular complexes with 93 of 129 complexes recognized in the Top 10 category (72%), against 8 of 129 complexes, at best, with the other approaches. Intermolecular permanent interfaces are better predicted than transient ones, with 80% against 67% of the solutions in the Top 10 category. Intramolecular predictions are less accurate, with only 46% of the solutions predicted in the Top 10 category, still significantly above alternative approaches. For coordinated mutation analyses, a sharp decrease in accuracy is found going from intra-, permanent inter-, to transient intermolecular complexes, consistent with previously published work (23) . Conservation analysis does not follow this trend and performs, on average, better with transient intermolecular complexes (30% in the Top 10 ϩ Top 100 categories) than with the others (Ϸ20%). The detailed performances of the different approaches can also be appreciated from the global receiving operator characteristic (ROC) curves (see Fig. S3 ), which report the ability of each score to recognize true biological interfaces when all of the 1.29 ϫ 10 6 intermolecular complexes are mixed together. The ability of SCOTCH to filter out false complexes (specificity) and to retrieve all of the near-native complexes (sensitivity) has been calculated for each case of the database, and the average values are presented in Table 1 .
SCOTCH Highlights the Versatile Adaptation of Complex Interfaces.
The specificity of the predictions obtained so far suggests that SCOTCH captures important constraints that apply to biological The number of complex cases for which a near-native solution is selected among the top10, top100, top1,000, and top10,000 solutions is shown. The complex database consists of 28 intramolecular domain interactions from the validation dataset (filled bars), 54 permanent intermolecular complexes (vertical hatch), and 75 transient intermolecular complexes (diagonal hatch). For each case, 10,000 models were generated with FTDOCK (35) by using the bound states of each monomer in the docking process. Models were scored with the SCOTCH (red), the conservation (yellow), the correlated mutations (light blue), or the compensatory mutations (deep blue) scores. Specificity and sensitivity were calculated for each of the 129 intermolecular complexes by using the bound states as input of the docking procedure (10,000 models generated by using the FTDOCK program). Models were predicted as near-native or false depending on their positive or negative scores, respectively.
interfaces. The analysis of the complementarity ratio can thus be seen as a powerful tool to further probe the evolutionary events likely to occur at an interface. The native structures of the complexes correctly scored by using SCOTCH were used for that analysis (93 complexes scored in the Top 10 category in the intermolecular dataset, see Table S3 ). First, we analyzed to what extent structural neighbors are required to maintain complementarity between interacting pairs. On average, Ϸ40% of the positions of an interface were found involved in at least one significantly complementary pair (Fig. S1B ). Among these, a majority (62%) is detected as significantly complementary only thanks to the structural neighbors, highlighting their importance to capture the evolution of interfaces (Fig. S1C) .
We wondered further whether it was possible that a position in an interface changed its physicochemical nature drastically over evolution while maintaining a high complementarity. To do so, we tracked the existence of unambiguous complementarity switches between hydrophobic-hydrophobic and chargedcharged interacting clusters across evolution. To insure significance, we imposed the restriction that at least 10% of the sequences in the multiple-sequence alignment exhibit the switch event. Interestingly, such switches were observed at least once in Ϸ40% of the 93 analyzed structures (Table S3) . These results illustrate the versatility of the elementary interactions that build up an interface and underscore the complexity of the underlying evolution history.
Optimization of SCOTCH by Using a Statistical Pairwise Potential. In the field of predictive docking, most methods take into account the physicochemical complementarity of interfaces to discriminate near-native structures. Among them, the widely used residue level pair potential score (RPScore) was derived from a statistical analysis of pairwise interactions at complex interfaces and was reported to efficiently select near-native structures from a set of decoys (38) . All of the docking solutions generated from the intramolecular and intermolecular databases were scored with the RPScore. The histogram (Fig. 4) reporting the ranks of the first near-native solution of 10,000 decoy structures, shows that the RPScore performs significantly better than the conservation or the coordinated mutations analyses reported in Fig. 3 . To further assess the precision of the methods, a stringent Top 1 category was added in Fig. 4 , reporting the number of cases for which the model with the highest score is a near-native structure. As regards the intermolecular dataset, the SCOTCH score ranked 57% of the 129 complexes in the Top 1, whereas the RPScore reached the same precision in only 26% of the cases.
Of interest, the combination of the SCOTCH and the RPScore scores improved significantly the recognition of the near-native solutions, raising these percentages up to 66% (black bar, Fig. 4 ) (the RPScore was added as an additional factor to the logistic regression procedure, see SI Text). The high predictive power of this hybrid score emphasizes that the evolutionary signals detected by SCOTCH can be further amplified by a statistical representation of the complementarity (Table 1) .
Discussion
Evolutionary properties of protein-complex interfaces have been intensively studied to elucidate the key factors governing macromolecular assemblies. To identify the constraints exerted at interfaces, we developed an approach, SCOTCH, that exploits the sequence properties of two interacting partners throughout evolution. The SCOTCH assumption relies on the sensitive detection of any mutation that would disrupt the physicochemical complementarity to discriminate unlikely interfaces from possible interacting clusters of residues. To specifically address this feature, we did not assign to every possible contacting pairs a specific interaction score (as in RPScore-like strategies) but rather considered all them equivalent and counted the number of pairs whose complementarity remained highly conserved throughout evolution within the framework of the structural neighbors (corresponding to the 95% threshold of the complementarity ratio).
Until now, coevolutionary signals at intermolecular interfaces were thought to be too weak to accurately assist in large-scale docking predictions (23, 32) . Although coordinated mutations analyses may detect some coevolutionary signals for permanent interactions, we confirmed the absence of almost any signal for transient interactions (23) . Thanks to the dramatic increase in sensitivity provided by the SCOTCH approach, our study unambiguously attests to the existence of such coevolutionary signals in both permanent and transient complexes. Similarly to ref. 23 , SCOTCH coevolution signals are higher for permanent than for transient interfaces. With regard to coordinated mutations analyses, their performance decrease dramatically as the mutation rate increase, and their use for predicting complex structures may require further development to cope with these limitations.
Although SCOTCH is an evolution-based approach, it does not require many homologs to extract mutual information from the multiple-sequence alignments. In half of our intermolecular cases, only 10-20 homologs were enough to reach high predictive accuracy (Table S3) . Certain failures seem to be related either to small interfaces [badly predicted intramolecular interfaces cover 1,050 Å 2 , on average, significantly lower than the ''standard size'' of 1,600 (Ϯ400) Å 2 as found in ref. 6] or to flawed multiple-sequence alignments that diverged during the automatic PSI-BLAST procedure. A typical example is the NAS6-RPT3 complex in which NAS6 belongs to the widespread superfamily of ankyrin repeats (PDB:2DZN). A careful rebuild of its alignments by selecting the proper orthologs boosts the SCOTCH score of the near-native model from the Top 1,000 to the Top 10 category. This example validates our initial use of a learning dataset that only comprised intramolecular interactions devoid of any orthology issues. Given the simplicity of the complementarity rules used here, there is probably room for improving the description of the complementarity classes. For instance, the charged-residues complementarity class restricts to short-range interactions that are only a fraction of the global electrostatic contribution to the binding selectivity and affinity (7, 39, 40) . More sophisticated treatment of the electrostatic contribution in the light of the evolutionary principles used in SCOTCH may therefore improve further the performance of the method (41). (38) . The number of complex cases for which a near-native solution is selected among the top1, top10, top100, top1,000, and top10,000 solutions is shown. The complex database consists of 28 intramolecular domain interactions from the validation dataset (filled bars), 54 permanent intermolecular complexes (vertical hatch), and 75 transient intermolecular complexes (diagonal hatch). For each case, 10,000 models were generated with FTDOCK (35) by using the bound states of each monomer in the docking process. Models were scored with the SCOTCH optimized with RPScore (black), the SCOTCH alone (red), or the RPScore (green) scores.
From the specificity obtained on the intermolecular dataset, SCOTCH is expected to be useful in predicting the association mode of two partners when only sparse experimental data are available (such as a point mutation disrupting the complex or an NMR-based chemical shift mapping). In terms of protein engineering, back-tracking the mutations that generated the switches between two distinct complementarity classes (see Results) may provide guidelines for the rational alteration of interfaces so as to disrupt, recover, or strengthen them. As an absolute score, consistent with Fig. S4 , SCOTCH optimized with RPScore may also be considered as an indicator of true protein-protein interaction. For instance, among the 2.10 6 decoys generated, scores Ͼ11 or 7 for permanent or transient complexes, respectively, are very good indicators that a model is a near-native structure. Last, because SCOTCH captures fundamental constraints in the evolution of protein interfaces, it should contribute to a better understanding of the events that relate to the general evolution of macromolecular assemblies.
Methods
Dataset. A set of 319 nonredundant intramolecular interactions were extracted from the PSIMAP database (34) . A second set of 469 intermolecular protein complexes was extracted from previously published studies (23, 32, 42, 43) and from our own update of the PDB between 2004 and 2007. All the complexes exhibiting a buried surface area Ͼ700 Å were further analyzed. For every case in the intra-and intermolecular datasets, homologous sequences were retrieved from the SPTREMBL database by using a PSI-BLAST search (44) (SI Text). To be selected for further analysis, a minimal number of 25 and 10 homologous sequences was required for intra-and intermolecular interactions, respectively (23, 45) . At the end, the dataset gathered 86 intramolecular interactions (Tables S1 and S2 ) and 132 intermolecular interactions (Table S3) . The permanent or transient nature of the interactions was assigned according to the classifications and rules published in ref. 23 .
Decoys Dataset. Intra-and intermolecular decoy datasets were generated by using the FTDOCK program (35) . In each case, 10,000 docking models were generated and classified as either near-native or false solutions if the backbone RMSD between the model and the native complex was below or above 3Å, respectively. For the intramolecular dataset and the bound states of the intermolecular database, 860,000 and 1,320,000 solutions were produced, respectively.
Scoring Decoys by Using Conservation Analysis. The conservation scores for each amino acid position in the multiple-sequence alignments (MSA) were computed by using the rate4site program (36) . The Bayesian method was applied for the calculation of the conservation scores by using the JonesTaylor-Thornton amino acid-substitution model (46) . The conservation scores computed by rate4site are a relative measure of evolutionary conservation at each position in the MSA: The lowest score represents the most conserved position. Each score S was rescaled between 0 and 9 by using
where Rscore is the rescaled score, Lscore is the lowest score, and ⌬score is the amplitude of all the scores. The rescaled scores were then partitioned into a scale nine bins. Bins 1-3 correspond to the most variable sites, whereas bins 7-9 correspond to the most conserved positions. To assess the performance of the conservation analysis, each model of the decoys dataset was scored by counting the percentage of conserved positions (bins 7-9) in the interface of the complex.
Scoring Complexes by Using Coevolution Analyses. Correlated mutations analysis.
Correlated mutations were calculated according to the Gö bel algorithm (27) and the PAM70 substitution matrix. Positions with Ͼ10% gaps or that were completely conserved were discarded from the correlated mutation analysis. The pairs of positions were sorted according to their correlation value, and the top M residues were defined as predicted contacts, with M proportional to the protein size. M was set to half of the sequence length L. Compensatory mutations analysis. Compensatory mutations were analyzed by assigning a scalar metric to each type of amino acid and calculating correlation coefficients of these quantities between different positions of the interacting proteins as introduced in different studies (28, 37) . By considering a physicochemical amino acid property f, compensatory mutations between two positions i and j were calculated by using the formula r ij ϭ s ij
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where sij is the covariance between the position i and j, and fmi is the physicochemical property value of the sequence m at position i. Two physicochemical scales were considered, one based on the amino acid isoelectric point (47) to account for compensations involving an inversion of charges and one based on a hydropathy scale (48) Scoring the models. The SCOTCH score is based on the proportion of significantly complementary pairs and was defined as follows. The database of 86 intramolecular complexes was randomly split into two subsets: 58 cases (2/3 of the database) as a training dataset, and 28 complexes (1/3) as part of a blind test dataset. Based on the training dataset, a logistic regression was used to fit the weights of three features extracted from each interface : (i) the proportion of significantly complementary pairs of residues (with k ϭ 2), (ii) the number of interacting pairs, and (iii) the percentage of highly variable positions (bins 1-3 as calculated in the conservation analysis). The resulting equation defines the SCOTCH score, which estimates the probability that the decoy belongs to the class of the near-native solutions (SI Text and Table S4 ). Decoys were ranked with respect to this score and were predicted as near-native for positive scores (corresponding to a probability of 0.5 of being true from the logistic regression).
Scoring Complexes by Using Statistically Based Pair Potential. The RPScore (38) was used with default parameters to score every decoy of the intra-and intermolecular datasets. For every cases in the intra-and intermolecular databases, homologous sequences were retrieved from the SPTREMBL database by a PSI-BLAST search (6) . For the intramolecular dataset, three PSI-BLAST runs (over 10 iterations) were done considering respectively the sequences of the interacting domains and the full protein sequence as query. A second step consisted in selecting among all of the sequences retrieved those having the same PFAM domain organization as the query sequence by using the interproscan program. All of the sequences were subsequently aligned to the PFAM profiles of both isolated interacting domains by using the hmmer program (7). The sequences whose interacting domains were redundant (90% identity threshold) or having Ͻ25% identity compared with the corresponding domains of the query sequence were removed. For the intermolecular dataset, the PSI-BLAST search was restricted to five iterations over the full-length proteins. Because the domain approach could not be applied to this dataset, the sequences were initially aligned with the muscle program (8) , and the redundant sequences (90% identity threshold) were removed as well as the sequences with Ͻ20% identity compared with the full-length proteins. A lower identity threshold was chosen to enrich the multiple-sequence alignment and increase the size of the validation database. All of the cases with at least 25 sequences for the intramolecular interactions and 10 sequences for the intermolecular interactions were selected for further analysis. For intermolecular interactions, in case one organism contained more than one homologous sequences of the crystalized protein (paralogous sequences), only one of them was selected (we selected the sequence with the best BLAST score against the crystalized sequence).
All of the cases with a surface contact area Ͻ700 Å 2 as calculated by the whatif program (9) were discarded. Finally, the database filtering procedure led us with 86 intramolecular interactions (Tables S1 and S2 ) and 132 intermolecular interactions, comprising 55 permanent and 77 transient complexes (Table S3 ). The PDB files of each of the bound complex database were curated by following three successive steps before docking with FTDOCK (10) (i) all of the posttranslational modifications and other molecules bound to canonical side chains were removed and canonical side chains regenerated; (ii) missing atoms in side chains were completed by using the SCWRL3 program (21); (iii) side chains with multiple conformations were cleaned up, keeping only the one with highest occupancy.
Logistic Regression Procedure in the SCOTCH Approach. To develop the SCOTCH score, the proportion of contacting pairs detected as significantly complementary was normalized to correct from two biases : (i) Based on the complementarity calculation, small and large interfaces exhibiting an equal proportion of pairs (i,j) are ranked the same. For small interfaces, the probability that this proportion arose by chance is higher, the number of interacting pairs at the interface was thus taken into account as a correction factor. (ii) Positions that are highly variable often correspond to misaligned regions. High scores observed in these regions are thus unreliable and high variability was also considered as a correction factor.
Considering the 58 cases of the training dataset (Table S1) , for every 10,000 solution produced by the FTDOCK (10) program, we calculated the proportion of contacting pairs of residues (i,j) detected as significantly complementary, the number of interacting pairs, and the percentage of variable residues at the interface. We retrieved then all of the 361 near-native solutions among all of the 580,000 models, as well as 361 false solutions selected randomly. The optimal combination of the proportion of significantly complementary pairs of residues, the number of interacting pairs, and the percentage of variable residues at the interface of the docking solutions was fitted by performing a logistic regression using the glm function of the statistical package R program (11) by learning the features of these 722 models. The weights of these three terms are reported in the Table S4. A second optimisation procedure consisted in adding the RPScore (12) as an additional term in the scoring function of SCOTCH and running again the logistic regression procedure. The optimal weights of the four parameters are reported in the Table S4 . The complementarity between contacting pairs was assessed in the target structure, considering the three physicochemical complementarity classes as defined in Methods. The complexes analyzed correspond to the 86 native structures of the intramolecular complexes extracted from the PSIMAP (1) database (see Table S1 ). (B) Histogram of the proportion of interfacial residues involved in at least one significantly complementary pair (predicted by evolutionary analysis as detailed in Methods). The complementarity between contacting pairs is assessed considering their structural neighbors (k ϭ 2). The complexes analyzed comprise the native structures of the protein-protein complexes correctly scored by using the SCOTCH procedure (93 complexes scored in the Top 10 category in the intermolecular dataset, see Table S3 ). (C) Histogram of the proportion of residues involved in significantly complementary pairs (predicted by evolutionary analysis as detailed in Methods) and that require the contribution of structural neighbors. The complementarity between contacting pairs was assessed by considering their structural neighbors (k ϭ 2) or not (k ϭ 0). The complexes analyzed comprise the native structures of the protein-protein complexes correctly scored by using the SCOTCH procedure (93 complexes scored in the Top 10 category in the intermolecular dataset, see Table S3 ). All of the interacting pairs within the interface of the 86 intramolecular complexes extracted from the PSIMAP database were analyzed (gray bars). The k structural neighboring positions of every interacting pair of residues were taken into account in the complementarity evaluation by applying the constraints described in Methods (k varies from 0 to 3). A similar, slightly different, procedure was also applied on noncontacting residues taken randomly outside the protein-binding sites (black line). For every noninterfacial solvent-accessible residue i of the first partner and every noninterfacial solvent-accessible residue j of the second partner, the complementarity was evaluated by considering their k nearest structural neighboring positions [solvent-accessible threshold: 25% as calculated by the WHATIF program (9)]. (B and C) Proportion of docked models with a given proportion of pairs of contacting residues that are significantly complementary (complementarity ratio Ͼ95%) without their structural neighbors (k ϭ 0) (B) or considering their structural neighbors (k ϭ 2) (C). The correct models are shown as green bars (near-native docking models within 3 Å of the native structure); the false models are shown as red bars. (10) program]. For 3 cases of the 132 complexes of the intermolecular dataset, FTDOCK did not produce any near-native solution, explaining why these cases were discarded from this analysis. Color code is SCOTCH optimized with RPScore scoring function (black), the SCOTCH score without RPScore (red), the RPScore (green), the conservation score (yellow), the correlated mutations using substitution matrices (light blue), and detection of compensatory mutations (dark blue). P e r m a n e n t i n t e r -m o l e c u l a r T r a n s i e n t i n t e r -m o l e c u l a r The database was randomly split into two datasets: a learning dataset consisting of 58 cases (referred to as Type 1) and a validation dataset consisting of 28 cases (referred as Type 2), see Methods. a PDB identifier. b Domain definitions according to the PFAM Domains (2). c SCOP identifiers with four terms separated by dots expressing (i) the secondary structure class, (ii) the fold, (iii) superfamily, and (iv) family to which the domain was assigned (4). d PFAM domains identified by the INTERPROSCAN Program (3). e Subset Type (1: learning cases, 2: validation cases). f Rank of the best correct model among 10,000 randomly generated models according to the SCOTCH method (1, Top 10; 2, Top 100; 3, Top 1,000; 4, Top 10,000) (Fig. 3) . The informations relative to the quality of the multiple sequence alignments and the characteristics of the native structures are summarized. a Complex identifier according to the PSIMAP database (1) . b Complex Type (T: transient, P: permanent). c Change in accessible surface area upon complex formation calculated using WHATIF (9) . d Number of sequences in the multiple sequence alignment of homologous domains. e PFAM domains identifier (2) . f Number of interfacial residues involved in contacting pairs. g Percentage of homologous sequences in the multiple sequence alignment with a sequence identity Ͻ30% from the native sequence. h Percentage of homologous sequences in the multiple sequence alignment with a sequence identity between 30% and 60% from the native sequence. i Percentage of homologous sequences in the multiple sequence alignment with a sequence identity Ͼ60% from the native sequence. j Complex for which at least one switch from hydrophobic-hydrophobic to charged-charged complementarities was detected (Results). k Rank of the best correct model among 10,000 randomly generated models according to the SCOTCH method (1, top 10, 2, Top100; 3, Top1,000; 4, Top10,000) (Fig. 3) . The variables (i) proportion of significantly complementary pairs of residues (k ϭ 2), (ii) percentage of highly variable positions, (iii) number of interacting pairs were combined to define the SCOTCH scoring function. The variable RPScore was added as an additional variable in the SCOTCH optimized with RPScore method.
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